Abstract-In the case of a wide-scale adoption of gridconnected Photovoltaic (PV) systems, more fluctuated power will be injected into the grid due to the intermittency of solar PV energy. A sudden change in the PV power can potentially induce grid voltage fluctuations, and thus challenge the stability of the grid. Hence, this sudden active power change resulting in a large power ramp-rate should be avoided in practice. In fact, some grid regulations also released strict rules on active power ramp-rates for PV systems. This paper proposes a cost-effective control strategy to limit the power ramp-rate for two-stage gridconnected PV systems. The main concept of the proposed scheme is to modify the maximum power point tracking algorithm in such a way to regulate the PV power at the left side of the maximum power point curve. As a consequence, the power ramprate can be controlled according to the set-point. Experiments conducted on a 3-kW single-phase two-stage grid-connected PV system have verified that the proposed solution can accomplish fast dynamics, high accuracy, and high robustness in the power ramp-rate control for PV systems.
I. INTRODUCTION
In recent years, the installation of grid-connected Photovoltaic (PV) systems has been increasing with the aim to introduce more renewable energy into the mixed power grid [1] . As a consequence of the intermittent solar PV energy, a fluctuating power will continuously be injected into the grid. For instance, in some cases, the PV power may experience a sudden decrease or increase, e.g., due to passing clouds, which corresponds to large power ramp-rates. In fact, the changing rate of the PV power is also correlated with the size of the PV systems, as it has been studied in [2] , [3] . A fast changing rate in the PV power is usually observed in residential/commercial PV systems with a small number of PV arrays, since a passing cloud can easily cover a major area of the PV plant. For example, a PV power change rate of 1 kW in 3 seconds was observed in a 2-kW PV systems during a cloudy day, as it was reported in [3] . In the case of a wide-scale gridconnected PV system, those sudden changes in the PV power can potentially induce severe grid voltage fluctuations [4] , and thus being a challenging issue, especially for the stability of a Fig. 1 . Ramp-rate constraints defined in the Danish grid code, where Ppv is the PV output power and R * r is the reference ramp-rate limit [8] .
weak distribution grid [5] , [6] . Due to this, Power Ramp-Rate Control (PRRC) is introduced to limit the PV output power change rate [7] , and it has been defined in the grid codes in some countries, e.g., Denmark [8] and the European Network of Transmission System Operators for Electricity (ENTSO-E) [9] , which is illustrated in Fig. 1 . Similar requirements are also stated in the grid code of Germany [10] and Puerto Rico [11] , where a maximum ramp-rate of 10% of the rated PV power per minute is allowed. Several methods to control the power ramp-rate of the PV output power have been reported in literature [12] - [22] . Integrating the energy storage systems is one of the most intuitive and commonly-used solutions [13] - [20] , where the excessive energy from the PV can be stored in the storage device (e.g., battery, super capacitor) and thereby the power ramp-rate can be controlled. However, the energy storage systems will increase the cost and the size of the overall system. Besides, the limited lifetime of the energy storage device will also affect the lifetime of the overall PV systems, making this solution not very economically attractive [23] . Another way to control the power ramp-rate is achieved by disconnecting some of the PV panels in order to reduce the power production for a desired power ramp-rate. Nevertheless, this solution may not be feasible in the residential applications with a limited number of panels (e.g., rooftop PV systems). Moreover, a central control unit with a communication network to all PV inverters is also required, increasing both the system-level cost and complexity.
Actually, the power ramp-rate control can be realized through the active power curtailment by modifying the inherent MPPT algorithm at the PV inverter level [20] , which is required for PV systems in normal operation mode. In this approach, no extra components are required and being a cost-effective solution. For instance in [21] a power ramprate control by modifying the MPPT algorithm is proposed, where the operating voltage of the PV system is obtained from the gradient-descent optimization algorithm. However, the limitations of this method are the out power fluctuation, which may occur during to the searching process, and the computation burden due to the optimization process. Another power ramp-rate control based on the modified MPPT algorithm is proposed in [22] , where the power ramp-rate can be reduced by reversing the perturbation direction of a Perturb and Observe (P&O) MPPT algorithm. However, this method may lose its effectiveness in the case of fast dynamics (i.e., the changing irradiance), where the perturbation direction of the P&O MPPT always changes (the P&O MPPT algorithm can easily be confused by the change in the irradiance [24] ). Therefore, reversing the perturbation direction cannot ensure an accurate power ramp-rate control for the PV system. Specifically, the algorithm in [22] can only control the power ramprate of the PV power under constant irradiance conditions. Thus, this paper proposes a P&O-based Power Ramp-Rate Control (P&O-PRRC) strategy by modifying the MPPT algorithm to regulate the PV power at the left side of the Maximum Power Point (MPP) in the Power-Voltage (P-V) characteristic curve of the PV arrays, when the PRRC strategy is activated. In contrast to the method in [21] , [22] , the proposed solution can control the power ramp-rate of the PV system regardless of the irradiance conditions, and at the same time ensure a smooth and stable operational mode transitions. The implementation is also simple, as it will be discussed later on. This paper is organized as follows: the P&O based Power Ramp-Rate Control (P&O-PRRC) strategy is discussed in Section II, where the system description and the control algorithm are presented. This includes a Ramp-Rate Measurement (RRM) and a Ramp-Rate Control (RRC), which are the two main components in the proposed solution. Then, the experimental validation of the P&O-PRRC strategy on a 3-kW single-phase two-stage PV system is carried out in Section III. The experimental results have confirmed the effectiveness of the proposal in terms of fast dynamics, high accuracy, and high robustness for power ramp-rate control. Finally, the conclusion is given in Section IV.
II. PROPOSED PERTURB AND OBSERVE BASED POWER RAMP-RATE CONTROL (P&O-PRRC) STRATEGY
A. System Description Fig. 2 shows the overall system and control structure of a single-phase two-stage grid-connected PV system with its parameters being given in Table I . Here, a two-stage configuration is adopted, since it offers a wide range of MPPT operation [25] , where the PV voltage v pv can be stepped up by the boost converter to match the minimum dc-link voltage v dc . In fact, this configuration is widely used in residential/commercial PV systems (e.g., with the rated power of 1-30 kW) [26] , [27] . The boost converter is responsible for the PV power extraction, where the MPPT and/or PRRC algorithms are implemented in the control of the boost stage. Then, a full-bridge inverter delivers the extracted PV power to the ac grid, where the dclink voltage v dc is normally controlled as constant (e.g., 450 V) [28] . It also provides a proper synchronization between the PV side and the ac grid and, at the same time, ensures satisfied power quality of the injected grid current (e.g., the total harmonic distortion) with the phase-locked loop and the current controller implemented.
As aforementioned, modifying the MPPT algorithm has been found as a cost-effective solution to achieve the PRRC. The proposed P&O-based PRRC strategy consists of two main parts -Ramp-Rate Measurement (RRM) and Ramp-Rate Control (RRC), which will be discussed in the following.
B. Ramp-Rate Measurement (RRM)
It is important to have a fast and accurate ramp-rate measurement of the PV power in order to ensure the control performance. Usually, the PV power oscillates due to the MPPT algorithm (e.g., the P&O MPPT), which optimally should be within three operating points around the MPP [24] , [29] . This implies that the changing rate of the PV power ΔP pv is not zero even in the steady-state operation. Most of the priorart solutions are thus using a moving average to filter out the power oscillations, and then the ramp-rate measurement can be accomplished [12] - [14] . This method is commonly used when the energy storage systems are employed for controlling the ramp-rate, and the purpose of the filtering is to avoid too often charging and discharging of the energy storage devices. However, the moving average method can deviate the ramprate calculation, and thus the estimation of the ramp-rate is slowed down [19] . Hence, it is not suitable for the P&O-PRRC strategy that requires fast dynamics.
A straightforward way to estimate the ramp-rate is enabled by measuring the PV power difference ΔP pv in a certain period T RRM as [17] 
where R r (t) is the ramp-rate, P pv (t) is the measured PV power, n is an integer, T s and T RRM are the sampling periods of the MPPT and the RRM, respectively. If n is designed properly, the ramp-rate R r (t) will reflect the power changes induced by the solar irradiance instead of inherently by a MPPT control. Although this method is very simple, it should be pointed out that a large value of n will slow down the RRM. Moreover, the RRM is also dependent on the designed MPPT sampling frequency. An example of the RRM parameters selection is given in Fig. 3 . Here the PV power with a ramp rate of 0.6 kW/s is used in the simulation, as it is shown in Fig. 3(a) . Two different cases of RRM with n = 20 and n = 50 are shown in Figs. 3(b) and (c), respectively. In general, the simulation results agree with the previous discussion that a large value of n can reduce the variation in the ramprate (which is introduced by the inherent MPPT control and measurements), but it can also introduce significant delays in the RRM, as it is illustrated in Fig. 3(c) .
C. Ramp-Rate Control (RRC)
Once the estimated ramp-rate R r (t) exceeds the ramp-rate limit R * r , the RRC algorithm will act in such a way that the output power of the PV is controlled accordingly. Eventually, the PV power changing rate will be within the limit (i.e., R r (t) = R * r (t)). One way to reduce the PV power P pv is by perturbing the operating point of the PV system away from the MPP in the Power-Voltage (P-V) characteristic curve of the PV arrays. In a two-stage PV system configuration, it is actually Fig. 3 . Example of the ramp-rate measurement parameters selection: (a) PV power Ppv, (b) estimated ramp-rate Rr(t) when n = 20, and (c) estimated ramp-rate Rr(t) when n = 50. possible to regulate the operating point of the PV system at either the left side (i.e., at A in Fig. 4 ) or the right side (i.e., at C in Fig. 4 ) of the MPP for a certain power ramp-rate, when the irradiance level increases (e.g., from 200 to 1000 W/m 2 ), as it is illustrated in Fig. 4 . However, it has been demonstrated in [30] that the operating region at the right side of the MPP can induce instability during a fast decreasing irradiance (e.g., from 1000 to 200 W/m 2 in Fig. 4 due to passing clouds), where the operating point of the PV system may fall into (and stay at) the open-circuit condition due to the decreased open-circuit voltage of the PV arrays V OC (i.e., C→D in Fig. 4) . Under this condition, the PV system will not be able to deliver any output power. In contrast, the operating region at the left side of the MPP can ensure a stable operation during a sudden irradiance drop, where it can be seen from the operating trajectory in Fig. 4 (i. e., A→B) that the operating point of the PV system will not go into open-circuit condition. Thus, for the stability concerns, the RRC algorithm regulates the PV power at the left side of the MPP (i.e., at A in Fig. 4) . Fig . 5 illustrates the operational principle of the RRC algorithm (i.e., operational mode transitions) during increasing irradiance condition. As long as the estimated ramp-rate R r (t) of (3) is below the reference limit R * r (e.g., when the irradiance level increases from 500 to 700 W/m 2 ), the PV system will keep operating in the MPPT operation (i.e., A→B in Fig. 5 ). During this period, the MPPT algorithm (i.e., the P&O MPPT) sets the voltage reference v * pv = v MPPT to control the boost converter, as it is shown in Fig. 2 . Whilst, if R r (t) > R * r (e.g., when the irradiance level increases from 700 to 1000 W/m 2 ), the PV voltage v pv will be continuously perturbed to the left side of the MPP (i.e., B→C in Fig. 5 ) in order to reduce the power ramp-rate. The RRC algorithm is summarized as
with v MPPT being the reference voltage from the MPPT algorithm (e.g., P&O MPPT) and v step is the perturbation step-size in order to achieve the RRC.
III. EXPERIMENTAL VALIDATION OF THE PROPOSED P&O-PRRC STRATEGY
In order to validate the performance of the proposed power ramp-rate control strategy (i.e., P&O-PRRC), experimental results have been carried out referring to Fig. 2 . The system parameters are given in Table I . A PV simulator has been adopted with several irradiance profiles in order to emulate the power ramp-rate changes. The sampling frequencies of the MPPT and RRC algorithms are chosen to be 10 Hz (which is a typical sampling rate of the MPPT algorithm [24] , [29] ) while the sampling frequency of the RRM is designed as 0.4 Hz (i.e., n = 25, T s = 0.1 s, T RRM = 2.5 s according to (3) ). The experimental test-rig is presented in Fig. 6 , and Fig. 7 shows the performances of the single-phase grid-connected PV inverter system, where it can be seen that the grid voltage v g and the phase angle θ are properly synchronized, and the injected current quality is satisfactory. The PV system operates also at a unity power factor where the grid voltage v g is in phase with the grid current i g , meaning that only the active power is injected into the grid. In the following, the proposed power ramp-rate control scheme is tested.
Firstly, two trapezoidal solar irradiance profiles are used to emulate a slow change and a fast change in the solar irradiance, respectively. The performance of the 3-kW PV system with the proposed P&O-PRRC strategy is presented in Fig. 8 , where two ramp-rate limits R * r of 10 W/s and 20 W/s are adopted. Under a slow changing irradiance condition, the ramp-rate can accurately be controlled, as it can be seen from the estimated instantaneous ramp-rate of the PV power in Fig. 9(a) . However, it is also observed in Fig. 9(b) that the instantaneous power ramp-rate R r (t) exceeds the limit when the irradiance level changes rapidly (e.g., in a cloudy day). Nevertheless, it only occurs in a short time period during transients, as demonstrated in Fig. 9(b) . The performance of the P&O-PRRC algorithm is further examined with two realfield daily solar irradiance and ambient temperature profiles as shown in Fig. 10 . In this case, an accelerated test (i.e., 60 times faster than the real profiles) has been performed, with the purpose to challenge the control algorithm in fluctuating irradiance conditions, and the ramp-rate is limited to 10 W/s. (One may notice that this ramp-rate of 10 W/s corresponds to 20%/minute, which exceeds the maximum limit in some grid codes, e.g., 10%/minute in Germany. However, the accelerate factor of the irradiance profile (i.e., 60 times faster) should be taken into consideration as well, when calculating the corresponding ramp-rate. In this case, the power ramp-rate of 20%/minute in the test can be considered to be equivalent to (20/60)%/minute = 0.33%/minute in reality). Fig. 11 shows the estimated instantaneous power ramp-rate, where it can be seen that the power ramp-rate R r (t) can be limited according to the reference in most cases. The ramp-rate limit is violated only during very fast transients, where the RRC algorithm requires a number of iterations to reduce P pv . The experimental results have confirmed the effectiveness of the proposed power ramprate control solution in terms of fast dynamics, high accuracy and high robustness for grid-connected PV system.
IV. CONCLUSION
A power ramp-rate control strategy for two-stage gridconnected PV systems has been proposed in this paper. The proposed method is achieved by modifying a conventional MPPT algorithm to regulate the operating point of the PV system to the left side of the maximum power point, and thus reduce the PV output power once the power ramp-rate exceeds the reference set-point. In this way, the power ramp-rate of the PV power can be limited in practice without extra component requirements, being a cost-effective solution compared to the prior-art solutions. Experimental results have validated the effectiveness of the power ramp-rate control method in terms of fast dynamics, high accuracy and high robustness.
